A theoretical study is carried out in the homometallic mixed valent ludwigite Co 3 O 2 BO 3 using a modified tight binding methodology. The study focuses on the electronic properties of bulk, 1D and molecular units to describe differences between Co 3 O 2 BO 3 and another homometallic ludwigite, F e 3 O 2 BO 3 . The latter is known to present a structural instability which has not been found in Co 3 O 2 BO 3 . Our results show that bulk band structures present no significant differences. Differences are found in the calculation of 1D stripes formed by 3 + 2 + 3 + triads, owed to different 3d occupancy of F e and Co cations. Conditions for 1D
from the Mössbauer spectra and again only divalent and trivalent F e are found. Simultaneously, delocalization along c involving the extra F e 2+ electron was detected [6, 8] . The onset of 1D charge transport in the triad, along the c axis was previously suggested by Swinnea et al. [2] . Douvalis and colaborators [7] have observed a valence of +2.75 in the triad just before the disappearance of intermediate valences (at ∼ 270K). This indicates that near the transition temperature, the extra F e 2+ electron gets more delocalized in the triad, so that one has one pair with +2.75 and one atom with +2.5. This delocalization inside the triad precedes 1D transport along the 3LL, in the non-dimerized orthorhombic structure.
An analogous behavior is found in mixed-valent warwickites, F e 2 OBO 3 and M n 2 OBO 3 . The former undergoes a broad structural transition at 317K, associated with a change in the conductivity regime and charge rearrangement in the low temperature phase [16, 17] . M n 2 OBO 3 , however, presents no structural transition. In this compound, strong Jahn-Teller distortions of M n 3+ lead to a charge ordering state independent of temperature [16, 18, 19] .
In the present paper, the extended Hückel tight binding (EHTB) method is used to investigate the electronic structure of Co 3 O 2 BO 3 , using the high spin band hsf approach. Comparison is made with the electronic structure of the high temperature phase of F e 3 O 2 BO 3 , whose crystal structure is similar to that of the cobalt material. The calculations on F e 3 O 2 BO 3 add to former calculations in the system [13, 22] . Norrestam et al. [3] gave a previous account of EHTB calculations on Co 3 O 2 BO 3 . The hsf procedure prevents unphysical excesses of electron population in low lying 3d levels of the metal cation, allowing a correct account of basic structure-properties relationship.
It is appropriate to narrow d band systems and showed to be particularly suitable to describe F e 3 O 2 BO 3 [13] and other oxy-borates [21, 23] .
II. THEORY
The extended Hückel theory [20, 26] is widely known in the literature; here a brief summary of the relevant aspects of the theory, to the present study, is given. For the extended Hückel hamiltonian, diagonal terms H ii and overlap integrals S ij between atomic orbitals of the Slater type are needed. S ij overlaps take into account the particular geometry of the system. The parameters used in the present study are chosen from ref. [25] and given as follows: (i) for O, H 2s,2s =−32.3eV , H 2p,2p =−14.8eV , ζ 2s = ζ 2p =2.275; (ii) for B, H 2s,2s =−15.2eV , H 2p,2p =−8.5eV , ζ 2s =1.3, ζ 2p = 1.2; (iii) for M n, H 4s,4s =−9.75eV , with ζ 4s =1.8, [30] . Density of states are obtained from a mesh of 192 uniformly spread reciprocal lattice k points, whose set was found to be well suited to the oxyborate systems [22] . The Fermi level is defined as the highest occupied crystalline orbital. The high spin band filling (hsf) scheme has been discussed elsewhere [13] . An explanatory picture is that of minority spin electrons moving in a background of majority spin electrons. Mulliken population is used to calculate atomic charges.
All calculations were performed with bind [27] program and the graphics were drawn with viewkel [28] , distributed as part of the YAeHMOP package. and of the 294K phase of F e 3 O 2 BO 3 were made in the Pbam space group n. 55 [10, 14, 15] . Some structural parameters are given in Table 1 , which contains an estimate of octahedral distortions ∆, given by the average of the difference 
III. CRYSTAL STRUCTURE
Data for F e 3 O 2 BO 3 → ∆: this work; other: ref. [22] IV. RESULTS
The bulk (3D) and 3LL(1D) EHTB band structures of Co 3 O 2 BO 3 and F e 3 O 2 BO 3 are shown in Fig.2 in the metal 3d energy range; band structure properties are given in Table 2 . Oxygen 2p bands (not shown) appear at ∼ 0.9eV (Co ludwigite) and ∼ 1.5eV (F e ludwigite) below the metal d bands. The two separate groups of bands, seen in Fig.2 , come from the cubic d-splitting of the oxygen octahedral field and will be denoted t 2g and e g . Two narrower t 2g bands are seen to be detached from the main group. They are characteristic of the ludwigite structure and come from strong metal-metal interactions in the triad, thus named σ and σ * [13, 31] . The 3LL(1D) 0.22eV
semiconducting gap which appears in F e 3 O 2 BO 3 (see refs. [13, 22] .
in the iron ludwigite [13] . The calculated gap is in good agreement with the experimental value, estimated to be ∼ 0.2eV [7, 9, 13] . Its existence is also confirmed by Mössbauer data which indicates the onset of 1D transport through the 1D stripe [6] .
Co 2+ (3d 5+2 ) and Co 3+ (3d 5+1 ) give 8 × 2 + 4 × 1 = 20 spin down electrons per unit cell, leading to 20/36 fractional occupancy of t 2g bands, larger than the 8/36 fraction of F e 3 O 2 BO 3 . Therefore, due to electron counting, the Fermi level of the cobalt ludwigite is raised; a significant effect of electron counting is the disapearance of the 1D gap of Co 3 O 2 BO 3 . This constitutes an important difference between both materials, from which a different conductivity behavior could be expected.
This point will be discussed below. In Table 3 are shown the calculated atomic charges. For consistency, one compares charge distribution in the crystal (3D) and the 3LL (1D) sub-system. [14] . In the 1D sub-systems, the same delocalization/localization behavior is observed in the Co/F e materials although, as expected, charges come out to be slightly more localized in both cases, due to lower dimensionality. Charge distribution is well correlated to the sizes of O octahedra, given in Table 2 . While in Co 3 O 2 BO 3 , 2+ octahedra are noticeably larger than 3+, in F e 3 O 2 BO 3 , the F e triad sites, besides being smaller than those outside, are very similar, consistent with intermediate valence. As expected, the quantum mechanical calculated charges differ in absolute values from empirical estimates but the same trend is found in the charge distribution. In the next section, other effects associated to octahedral subunits are investigated.
A. Monomers and dimers
Basic insight of electronic processes taking place in the physical system is obtained by examining structural sub-units such as monomers CoO 6 , F eO 6 and dimers Co 2 O 10 , F e 2 O 10 . It has already been shown that the density of states of oxy-borates are well reproduced by the electronic levels of the respective sub-units [21, 23, 30, 31] . This is related to the ionic character of the system. As the hopping barriers are small, ∼ 0.1eV , we compare EHTB and more precise embedded cluster DFT calculations in the study of isolated subunits.
One considers first M 2+ O
12− 6
and M 3+ O
isolated monomers (M =F e, Co), carved out from the material's crystalline structure. In the high spin state of Co 2+/3+ (3d 5+2/5+1 ) there are 2/1 minority spins so that 2/1 molecular levels of the t 2g group are doubly occupied. For F e 2+/3+
(3d 5+1/5 ) one has 1/0 minority spins in 1/0 t 2g levels. In Fig.3 , the calculated t 2g molecular structure of the monomers is shown for the triad sites 2 and 4 of Co 3 O 2 BO 3 and F e 3 O 2 BO 3 . This is the energy range where comparison between sites is meaningful for the analysis. The occupied molecular orbital (HOM O ↓ ) is indicated for each case (F e4 is presented as a trivalent cation).
Effects of geometrical distortions of the different oxygen octahedra are clearly seen to produce distinct degeneracy breaking of the 3-fold t 2g levels. spin down electrons in the t 2g levels of the F e4 monomer. Table 4 shows the inter-site transition
, from which energetic trends could be obtained. 
Effects of in-site electron-electron repulsion on inter-site transfer is qualitatively taken into account in Table 4 by hypothetical amounts "U " and "2U ", aiming to indicate differences which would arise upon changing the oxidation state of the pair. For instance, the 2 ⇒ 4 jump changes the atoms oxidation states from 2 + , 3 + to 3 + , 2 + , with no net effect, so that no repulsive amounts were added to the electron-lattice contribution to this jump (0.16eV for Co and 0.05eV for the F e ludwigite). On the other hand, the 4 ⇒ 2 jump changes the pair oxidation states from 3 + , 2 + to 4 + , 1 + , so that repulsion energy increases are represented by "2U ". The 2 → 2 jump changes the pair oxidation state from 2 + , 2 + to 3 + ,1 + , thus an amount of −"U " + "2U "="U " has been added.
The analysis would suggest that electron hopping in Co 3 O 2 BO 3 deals with higher energetic cost
It is possible to gain additional insight by investigating the electronic structure of molecular dimers, since dimerization is the essential physical mechanism of the structural transition in F e 3 O 2 BO 3 . As metal-metal interaction is directly influenced by oxygen ligands, one considers the subunits Co 2 Co 4 O 10 and F e 2 F e 4 O 10 , which preserve the octahedral vicinity of the metal pair. In Fig.4 , it is shown the calculated molecular orbital structure of these metal dimers, seen as built up from individual fragments M O 5 ; three t 2g levels of each fragment, M 2O 5 and M 4O 5 , combine to form the six lower lying molecular orbital levels. As the constituent fragments have electronic stabilizing mechanisms are present, charge ordering/localization may occur in such conditions. In the F e warwickite this is provided by coulombian repulsion between the extra electrons of F e 2+ , defining the Wigner crystal arrangement of the low temperature phase [16] . and the warwickite M n 2 OBO 3 , no structural transition has been observed. A similar theoretical analysis has found larger barriers for electron jump in the manganese compound, associated to Janh-Teller distortions [23] .
Larger barriers for electron jump in Co 3 O 2 BO 3 , found in the analysis above, would be consistent with a Mott like conductivity regime, as suggested by Ivanova et al. [15] . The band structure calculation of Fig.3 predicts, on the other hand, metallic behavior (see Fig.3 ), as suggested by Freitas et al. [14] . More experimental and theoretical studies are necessary to determine the electrical conductivity regime of Co 3 O 2 BO 3 . The present investigation could provide some basic understanding of the role of electron-lattice interaction in the compound.
VI. CONCLUSION
In this paper, a basic structure-property investigation is carried out in two homometallic ludwigites, Co 3 O 2 BO 3 and F e 3 O 2 BO 3 , by using the EHTB-hsf method. The band structures of Co 3 O 2 BO 3 and of two crystalline phases of F e 3 O 2 BO 3 were found to be very similar, consistently with the structural similarity of the compounds. Different 3d occupancy of Co and F e leads however to important differences in the electronic structures of both materials. In both compounds short metal-metal distances in the triad generate a separation of the lower t 2g band. However, due to electron occupancy, it is only in F e 3 O 2 BO 3 that the separation constitutes a true 3LL semiconductor gap, consistently with experiment.
Calculations show that small differences in the local octahedral geometry at different sites lead to significant differences in the charge distribution of the two compounds. In agreement with Mössbauer results, electronic equivalence was observed between divalent and trivalent F e cations in the triad, at both structural phases of F e 3 O 2 BO 3 . On the other hand, structural and electronic conditions for charge localization are obtained in Co 3 O 2 BO 3 . The electronic structure of all relevant monomers and dimers were examined, showing that site non equivalence could create higher barriers for electron hopping in the cobalt ludwigite, hindering dimerization in this compound. For F e 3 O 2 BO 3 , charge distribution instabilities, related to small hopping barriers, are suggested to play a relevant role in the structural transition observed for this material.
An analogy is made with the two mixed-valent warwickites, F e 2 OBO 3 and M n 2 OBO 3 , since site equivalence in the former has been associated to the structural transition and changes in the conductivity regime, while, in the M n compound, structural stability is associated with structural charge ordering. The nature of electrical conductivity in Co 3 O 2 BO 3 is briefly discussed.
For a complete understanding of the physics of the mixed-valent ludwigites, more experimental and theoretical work is necessary. The present results could provide a comprehensive understanding of important features related to electron-lattice interactions in these complex materials.
